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s p e c u l a t i v e  b e c a u s e  o f  u n c e r t a i n t i e s  i n  t h e  i n p u t  p a r a m e t e r s ,  s u c h  a  s t u d y  d o e s  h e l p  t o  p r i o r i t i z e  t h e  a r e a s  o f  
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t e m p e r a t u r e  a v e r a g e s  a b o u t  5  K  h i g h e r  t h a n  t o d a y  o v e r  m o s t  o f  g e o l o g i c  t i m e ;  t h e  o v e r a l l  v a r i a t i o n  i s  l e s s  
t h a n  1 5  K .  T h e  e v o l u t i o n  o f  E a r t h ' s  r o t a t i o n  r a t e  m a k e s  a  s i g n i f i c a n t  c o n t r i b u t i o n  t o  t h e  s u r f a c e  t e m p e r a t u r e  
d i s t r i b u t i o n  a s  l a t e  a s  0 . 5  b . y .  a g o .  W h i l e  t h e r e  i s  l i t t l e  c h a n g e  i n  e q u a t o r i a l  t e m p e r a t u r e s ,  p o l a r  t e m p e r a t u r e s  
d e c r e a s e ,  b e i n g  s o m e  1 5  K  l o w e r  3 . 5  b . y .  a g o  t h a n  w i t h  p r e s e n t  d a y  r o t a t i o n .  T h e  e f f e c t  o f  c o n t i n e n t  g r o w t h  
o n  a l b e d o  i s  o f  s e c o n d a r y  i m p o r t a n c e .  
I N T R O D U C T I O N  
T h e  s u r f a c e  t e m p e r a t u r e  o f  t h e  e a r l y  e a r t h  h a s  e v o k e d  m u c h  i n -
t e r e s t  r e c e n t l y .  T h e  g e o l o g i c  r e c o r d  t e l l s  u s  t h a t  a t  l e a s t  t o  3 . 8  b . y .  
a g o  l i q u i d  w a t e r  w a s  p r e s e n t .  a n d  t h e r e  i s  n o  i n d i c a t i o n  t h a t  t h e  
~ m p e r a t u r e  h a s  v a r i e d  o n  a  l o n g  t i m e  s c a l e  b y  m o r e  t h a n  a b o u t  
l 0 ° C  f r o m  t h e  p r e s e n t  t e m p e r a t u r e .  Y e t  i t  i s  g e n e r a l l y  b e l i e v e d  
t h a t  s o l a r  l u m i n o s i t y  h a s  i n c r e a s e d  o v e r  g e o l o g i c  t i m e  a n d  t h a t  
4 5  b . y .  a g o  t h e  s o l a r  r a d i a t i o n  r e a c h i n g  E a r t h  w a s  o n l y  a b o u t  
7 0  t o  8 0 %  o f  t h a t  o f  t o d a y .  U n d e r  p r e s e n t  c o n d i t i o n s ,  t h i s  w o u l d  
c e r t a i n l y  h a v e  c a u s e d  a  " f r o z e n  p l a n e t . "  A n d  w h i l e  t h e  a m o u n t  
o f  c a r b o n  d i o x i d e  i n  t h e  a t m o s p h e r e  i s  o n l y  0 . 0 3 5 %  t o d a y ,  i t  m a y  
h a v e  b e e n  s e v e r a l  b a r s  a  f e w  b i l l i o n s  o f  y e a r s  a g o  b e f o r e  s i l i c a t e  
w e a t h e r i n g  c o n v e r t e d  m u c h  o f  t h e  c a r b o n  d i o x i d e  t o  c a r b o n a t e  
r o c k s .  I t  h a s  b e e n  s u g g e s t e d  t h a t  t h e  l a r g e r  g r e e n h o u s e  h e a t i n g  
w h i c h  w o u l d  h a v e  o c c u r r e d  w i t h  m o r e  c a r b o n  d i o x i d e  m a y  h a v e  
c o u n t e r e d  t h e  c o o l i n g  f r o m  l e s s e r  a m o u n t s  o f  r a d i a t i o n  f r o m  t h e  
s u n  a n d  s o  c a u s e d  t h e  t e m p e r a t u r e  t o  b e  m u c h  a s  i t  i s  t o d a y  [ O w e n  
e t  a l . ,  1 9 7 9 ;  W a l k e r  e t  a l . ,  1 9 8 1 ;  K u h n  a n d  K a s t i n g ,  1 9 8 3 ;  M a r -
s h a l l  e t  a l . ,  1 9 8 8 ] .  B u t  w e  a l s o  k n o w  t h a t  t h e  s u r f a c e  w a s  c o v e r e d  
m o s t l y  b y  a  g l o b a l  o c e a n  w i t h  t h e  o n l y  l a n d  b e i n g  s m a l l  a n d  p o s -
s i b l y  i s o l a t e d  e m b r y o n i c  c o n t i n e n t s  [ T a y l o r  a n d  M c L e n n a n ,  1 9 8 5 ;  
N i s b e t ,  1 9 8 7 ] .  C e r t a i n l y  a  w a t e r - c o v e r e d  p l a n e t  h a s  m u c h  d i f -
f e r e n t  r a d i a t i v e  c h a r a c t e r i s t i c s  t h a n  E a r t h  t o d a y ;  f o r  e x a m p l e ,  t h e  
o c e a n  a l b e d o  i s  d i f f e r e n t  f r o m  l a n d  a l b e d o ,  a n d  p o l a r  i c e  c a p s  
a r e  m o r e  d i f f i c u l t  t o  f o r m  i f  t h e r e  i s  n o  h i g h - l a t i t u d e  l a n d  m a s s .  
A n d  f i n a l l y ,  t h e  r o t a t i o n  o f  t h e  E a r t h  h a s  s l o w e d ;  e a r l y  i n  t h e  
~ l a n e t ' s  h i s t o r y ,  t h i s  m o r e  r a p i d  r o t a t i o n  r a t e  w o u l d  h a v e  l o w e r e d  
C ~ y r i g h t  1 9 8 9  b y  t h e  A m e r i c a n  G e o p h y s i c a l  U n i o n .  
P a p e r  n u m b e r  8 9 J D 0 0 7 1 9 .  
0 1 4 8 - 0 2 2 7 / 8 9 / 8 9 J D - 0 0 7 1 9 $ 0 5 . 0 0  
t h e  a t m o s p h e r i c  t r a n s p o r t  o f  h e a t  p o l e w a r d  a n d  w o u l d  t h u s  h a v e  
c h a n g e d  t h e  l a t i t u d i n a l  t e m p e r a t u r e  g r a d i e n t .  
M o s t  s t u d i e s  o f  t h e  t e m p e r a t u r e  o f  t h e  e a r l y  E a r t h  h a v e  c o n s i d -
e r e d  t h e s e  p r o c e s s e s  s e p a r a t e l y ,  a l t h o u g h  t h e r e  h a v e  b e e n  a  f e w  
t h a t  h a v e  i n c l u d e d  t h e  c o u p l i n g  b e t w e e n  c a r b o n  d i o x i d e  a m o u n t s  
a n d  r e d u c e d  s o l a r  l u m i n o s i t y .  T h e r e  h a v e  b e e n  n o  s t u d i e s  o f  t h e  
l a t i t u d i n a l  d i s t r i b u t i o n  o f  t e m p e r a t u r e  t h a t  h a v e  c o u p l e d  t h e s e  v a r -
i o u s  p r o c e s s e s .  T h i s  w o r k  d o e s  s o .  
D F . S C R I P l ' I O N  O F  T I I E  M O D E L  A N D  
N U M E R I C A L  P R O C E D U R E S  
T h e  l a t i t u d i n a l  d i s t r i b u t i o n  o f  s u r f a c e  t e m p e r a t u r e  i s  c a l c u l a t e d  
f r o m  a n  e n e r g y  b a l a n c e  m o d e l  s i m i l a r  t o  t h a t  o f  N o r t h  [ 1 9 7 5 ] ,  a s  
r e v i s e d  b y  L i n  [ 1 9 7 8 ] ,  
- : x  [ n ( I  - x
2
) !  1 ~ : 1  e : ) ]  + I ( p c _ , , l , T )  
=  Q S ( x )  [ 1  - A ( T , l ) ]  / 4  ( 1 )  
w h e r e  x  i s  t h e  s i n e  o f  l a t i t u d e ,  l < P c o i ,  l ,  T )  i s  t h e  o u t w a r d  i n f r a r e d  
r a d i a t i o n  a t  t h e  t o p  o f  t h e  a t m o s p h e r e  w h i c h  d e p e n d s  o n  s u r f  a c e  
t e m p e r a t u r e  T ,  a n d  t h e  a t m o s p h e r i c  p a r t i a l  p r e s s u r e  o f  c a r b o n  
d i o x i d e  P c
0 2
,  D  i s  t h e  n o n l i n e a r  h e a t  t r a n s p o r t  c o e f f i c i e n t ,  Q  i s  
t h e  s o l a r  c o n s t a n t  ( 1 3 8 0  W  m -
2
) ,  S i s  t h e  a n n u a l  m e r i d i o n a l  s o l a r  
r a d i a t i o n  d i s t r i b u t i o n ,  a n d  A  i s  t h e  a l b e d o  f o r  s o l a r  r a d i a t i o n ;  l  i s  
t h e  f r a c t i o n  o f  l a n d  a r e a  i n  a  l a t i t u d e  z o n e .  T h e  s e c o n d  t e r m  i s  a  
l o s s  o f  e n e r g y  ( c o o l i n g )  b e c a u s e  o f  l o n g w a v e  r a d i a t i o n  e s c a p i n g  
t o  s p a c e ;  t h e  l a s t  t e r m  r e p r e s e n t s  a  h e a t i n g  d u e  t o  a b s o r p t i o n  o f  
s o l a r  r a d i a t i o n ,  a n d  t h e  f i r s t  t e r m  i s  t h e  g r a d i e n t  o f  t h e  m e r i d i o n a l  
t r a n s p o r t  o f  h e a t  f r o m  l o w  t o  h i g h  l a t i t u d e s  w h i c h  c a n  e i t h e r  c o o l  
o r  h e a t  l o c a l l y .  
1 1 , 1 2 9  
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H eaJ Transport 
We have used a nonlinear version of the model in which the 
heat transport is proportional to the square of the temperature 
gradient. This allows for the inclusion of the rotation rate and 
provides for better agreement with atmospheric data than does the 
linear version of the model [Stone and Miller, 1980]. Also, the 
derivation of the nonlinear form is based on baroclinic instabil-
ity by methods of some rigor [Stone, 1974], whereas the linear 
transport law relies on a mixing length hypothesis. 
The dependence of heat transport on the rotation rate is not 
surprising because of the strong dependence of the mid-latitude 
eddies (which accomplish most of the transport) on rotation rate. 
From baroclinic instability theory, it is well known that the amount 
of energy received by an unstable eddy from the zonal flow is de-
termined by the meridional and vertical components of the flow 
and the angle subtended with the isentropes. Since the rotation 
rate partially dictates the critical angle and hence the degree of 
instability, the growth rate and size and spectrum of the baroclin-
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Fig. 2. Calculated outgoing infrared flux for a cloud cover of 36% 
(open circles) and 56% (solid circles). These cloud covers correspond to 
those at 25° latitude for land (open circles) and ocean (solid circles). The 
straight line fit is a linear approximation to the data, while the curved line 
represents a Laguerre polynomial fit. 
Stone (1972] has derived the dependence of the heat transport 
on rotation rate via baroclinic instability theory, unknown to include; however, some of the oceanic transport is 
due to baroclinic eddies and would have a rotational dependence 
(2) similar to that used here. heat transport ex ( ae / ay) 2 / /2 
where ae / ay is the meridional gradient of the potential temper-
ature I), and f is the Coriolis parameter. The theory is a quasi-
geostrophic one and thus is not correct for small rotation rates, but 
throughout geologic time the Earth's rotation has always been fast 
enough for geostrophy to apply. This form of the transport also 
assumes eddies that are of depths comparable to the troposphere 
but these are the ones of primary importance to the large-scale 
transport we are considering. There is no provision for transport 
by latent heat 
The parameterization of heat transport in simple energy balance 
climate models usually includes latent heat transport in a crude 
implicit way by tuning to the present climate [e.g., North, 1975]. 
We assume the transport of latent heat has the same functional 
relation to the rotation rate as does the sensible heat transport 
Mullen (1978] has suggested a relation that directly relates the 
meridional flux of sensible heat and the flux of latent heat. The 
implication from that study is that both forms of meridional heat 
flux have the same dependence on rotation rate, which is what 
we have assumed here. The effect of ocean heat transport is too 
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Fig. 1. Variation of Earth's rotation rate over geologic time relative to 
present day. 
We have chosen the nonlinear diffusive heat transport D = 1.2 
W m-2 K-2 to give a latitudinal temperature gradient in agree-
ment with that of the present day (see Figure 8). 
Rotation RaJe 
The assumed variation of rotation rate over Earth's history is 
shown in Figure 1 [Zahn.le and Walker, 1987]. The rotation h~ 
slowed because of tidal friction with the moon and may have been 
70% faster (day length of 14 hours) 4 b.y. ago. 
Outgoing Planetary Radiation 
In most energy balance studies of this type, the escaping plan-
etary radiation is expressed as a linear function of surface tem-
perature, i.e., I = A+ BT, where A and B are constants and 
are approximately -350 and 2, respectively (with temperature in 
degrees Kelvin and the outgoing radiation in W m-2). For our 
purposes, however, a linear approximation is not acceptable be-
cause we distinguish between the radiation escaping over land and 
that over the oceans; the differences in these fluxes are compara-
ble to the errors in the linear approximation. A typical example is 
shown in Figure 2. We have specified land and ocean separately 
because we allow the land and ocean fractions to vary over ge-
ologic time and use the present-day cloud cover appropriate for 
land and ocean for that fatitude to determine the escaping plan-
etary radiation. Total cloud covers are given in Table 1. Since 
we are assuming the hemispheres are symmetrical, the cloud cov-
ers in Table 1 represent averages of the northern and southern 
hemispheres for the specific latitudes. 
The radiative model used to calculate the outgoing planetary 
radiation is one that has been used by Kuhn in the comparison of 
radiation codes for use in climate models [Luther, 1984; Hummel 
and Kuhn. 1981]. The atmosphere was divided into 1-km layers 
extending from the ground lo 70 km. For the present study the 
only radiative gases considered were carbon dioxide and water va-
por. The spectral data used to calculate the transmission functions 
were from the 1983 Air Force Geophysical Laboratory data tape 
[McClatchey et al., 1973]; there are 13 infrared spectral intervals 
K U H N  E T  A L . :  E A K m • s  S U R P A C l i  ' I ' B . M P B R A T U R B  0 v B R  G E O L O G I C  T I M B  
l l , l 3 1  
T A B L E  1 .  l . o n a l l y  A v e r a g e d  A n n u a l  a o u d  C o v e r  O v e r  l a n d  a n d  O c e a n  
l a t i t u d e  
8 5  
7 5  
6 5  
5 5  
4 5  
3 5  
2 5  
1 5  
5  
l a n d  
0 . 4 3  
0 . 5 4  
0 . 6 4  
0 . 6 4  
0 . 5 3  
0 . 4 6  
0 . 3 6  
0 . 4 9  
0 . 6 5  
O c e a n  
0 . 6 6  
0 . 7 6  
0 . 8 2  
0 . 8 2  
0 . 7 4  
0 . 6 4  
0 . 5 6  
0 . 5 4  
0 . 5 8  
( e x t e n d i n g  f r o m  5 0 0  t o  1 4 2 0  c m -
1
)  f o r  c a r b o n  d i o x i d e  a n d  1 1  
i n t e r v a l s  ( 0  t o  2 4 5 0  c m -
1
)  f o r  w a t e r  v a p o r .  
T h e  o u t g o i n g  r a d i a t i o n  w a s  d e t e r m i n e d  f o r  s p e c i f i c  s u r f a c e  t e m -
p e r a t u r e s  v a r y i n g  f r o m  2 0 0  K  t o  3 0 0  K a t  2 5  K  i n t e r v a l s ;  c a r b o n  
d i o x i d e  p a r t i a l  p r e s s u r e s  w e r e  v a r i e d  f r o m  t h e  p r e s e n t  a m o u n t ,  
d e s i g n a t e d  1  P A L  ( p r e s e n t  a t m o s p h e r i c  l e v e l ,  3 4 5  p p m ) ,  t o  2 5 0 0  
P A L .  
T h e  l a p s e  r a t e s ,  r e l a t i v e  h u m i d i t i e s ,  a n d  c l o u d  c o v e r  u s e d  i n  t h e  
c a l c u l a t i o n  o f  t h e  o u t g o i n g  r a d i a t i o n  a r e  t h e  s a m e  a s  t h e  p r e s e n t -
d a y  a t m o s p h e r e .  S u r f  a c e  r e l a t i v e  h u m i d i t y  i s  7 7 % ,  a n d  t h e  r e l a t i v e  
h u m i d i t y  v a r i e s  w i t h  h e i g h t  a s  g i v e n  b y  M a n a b e  a n d  W e t h e r a l d  
[ 1 9 6 7 ]  t o  1 5 0  m b a r ,  a b o v e  w h i c h  t h e  m i x i n g  r a t i o  i s  f i x e d  a t  
1 0 -
1 1
•  T h e  l a p s e  r a t e  i s  f r o m  K u h n  a n d  K a s t i n g  [ 1 9 8 3 ]  a n d  i s  6 . 7  
K  1 c m -
1  
f r o m  t h e  g r o u n d  t o  1 0  k m ,  a n d  0 . 9  K  k m -
1  
f r o m  1 0  t o  
2 0  k m ;  t h e  a t m o s p h e r e  i s  i s o t h e r m a l  a b o v e  2 0  k m .  T h e  c l o u d s  
a r e  l o c a t e d  a t  5 0 0  m b a r .  
T h e  c a l c u l a t e d  f l u x e s  f o r  c l e a r  a n d  o v e r c a s t  s k i e s  f o r  e a c h  o f  
f i v e  s u r f a c e  t e m p e r a t u r e s  a n d  e i g h t  d i f f e r e n t  a m o u n t s  o f  c a r b o n  
d i o x i d e  a r e  g i v e n  i n  T a b l e  2 .  T h e  o u t g o i n g  f l u x  f o r  a n y  s p e c i -
f i e d  c l o u d  c o v e r  a n d  s u r f a c e  t e m p e r a t u r e  i s  f o u n d  b y  w e i g h t i n g  
t h e  c l e a r  a n d  o v e r c a s t  f l u x e s  b y  t h e  f r a c t i o n a l  c l o u d  a m o u n t .  T h e  
f l u x e s  f o r  a r b i t r a r y  t e m p e r a t u r e  a r e  f o u n d  f r o m  a  f i v e - t e r m  L a -
g u e r r e  i n t e r p o l a t i o n .  
A  c o m p a r i s o n  o f  t h e  c a l c u l a t e d  o u t g o i n g  p l a n e t a r y  r a d i a t i o n  
w i t h  o b s e r v a t i o n s  b y  S t e p h e n s  e t  a l .  [ 1 9 8 1 ]  i s  g i v e n  i n  F i g u r e  
3 .  T h e  s u r f a c e  t e m p e r a t u r e s  w e r e  f r o m  C r u t c h e r  a n d  M e s e r v e  
[ 1 9 7 0 ]  a n d  J e n n e  e t  a l .  [ 1 9 6 9 ]  a n d  t h e  c l o u d  c o v e r  f o r  l a n d  a n d  
o c e a n  f r o m  W a r r e n  e t  a l .  [ 1 9 8 6 ]  a n d  L o n d o n  [ 1 9 8 8 ] ,  r e s p e c t i v e l y .  
C a r b o n  D i o x i d e  
T w o  s c e n a r i o s  ( F i g u r e  4 )  h a v e  p r e v i o u s l y  b e e n  d e v e l o p e d  f o r  
t h e  t i m e  h i s t o r y  o f  c a r b o n  d i o x i d e .  H a r t  [ 1 9 7 8 ]  r e l a t e d  a n  e x -
p o n e n t i a l l y  d e c r e a s i n g  d e g a s s i n g  r a t e  a n d  c o n c o m i t a n t  r e l e a s e  o f  
c a r b o n  d i o x i d e  t o  t h e  w e a t h e r i n g  r a t e  a n d  f o u n d  t h a t  c a r b o n  d i o x -
i d e  W \ J u l d  d e c r e a s e  a p p r o x i m a t e l y  e x p o n e n t i a l l y  w i t h  t i m e  f r o m  a n  
i n i t i a l  a m o u n t  o f  1 5 0 0  P A L  4 . 5  b . y .  a g o .  K a s t i n g  [ 1 9 8 7 ] ,  o n  t h e  
o t h e r  h a n d ,  d e t e r m i n e d  t h e  a m o u n t  o f  c a r b o n  d i o x i d e  t h a t  w o u l d  
b e  n e c e s s a r y  t o  m a i n t a i n  g l o b a l  m e a n  t e m p e r a t u r e s  a b o v e  f r e e z -
i n g ;  v e r y  e a r l y  i n  E a r t h ' s  h i s t o r y ,  h e  r e q u i r e s  2 5 0 0  P A L  o f  c a r b o n  
d i o x i d e .  T h e  v a r i a t i o n s  i n  K a s t i n g ' s  c a r b o n  d i o x i d e  a m o u n t s  r e -
f l e c t  g l a c i a l  p e r i o d s  w h e n  p r e s u m a b l y  t h e r e  w o u l d  b e  l e s s  c a r b o n  
d i o x i d e .  W e  h a v e  u s e d  t h e  m o r e  r e c e n t  c a r b o n  d i o x i d e  s c e n a r i o  
f r o m  K a s t i n g ,  a l t h o u g h  w e  d i s c u s s  h o w  s u r f a c e  t e m p e r a t u r e  d i f -
f e r s  f o r  H a r t ' s  c a r b o n  d i o x i d e  a m o u n t s .  
A l b e d o  
I n  m a n y  e n e r g y  b a l a n c e  c l i m a t e  m o d e l s ,  t h e  l a t i t u d i n a l  e x t e n t  
o f  a n  a n n u a l  a v e r a g e d  p o l a r  i c e  c a p  i s  a n  i m p o r t a n t  r e s u l t  T h e  
" c l i m a t e "  w i l l  l o c a l l y  b e  d i f f e r e n t  o v e r  a  f r o z e n  i c e - c o v e r e d  s u r -
f a c e ,  b u t  i c e  w i l l  a l s o  a f f e c t  t h e  o v e r a l l  c l i m a t e  b e c a u s e  o f  i t s  
h i g h e r  a l b e d o ,  w i t h  c o n c o m i t a n t  r e d u c t i o n  i n  a b s o r b e d  s o l a r  r a d i -
a t i o n  w h i c h  a l t e r s  t h e  t r a n s p o r t  o f  h e a t .  
M o d e l s  w h i c h  a t t e m p t  t o  p r e d i c t  p e r t u r b a t i o n s  f r o m  t h e  p r e s e n t  
c l i m a t e  g e n e r a l l y  a s s u m e  t h a t  t h e  i c e  l i n e  o c c u r s  w h e n  s u r f a c e  
t e m p e r a t u r e  r e a c h e s  - 1 0 ° C ,  b a s e d  o n  c l i m a t o l o g i c a l  s t u d i e s  o f  
B u d y k o  · [ 1 9 6 9 ] .  F o r  m o d e l s  w i t h  p r e s e n t  d a y  p o l a r  g e o g r a p h y  
t h i s  i s  c e r t a i n l y  r e a s o n a b l e .  F o r  o u r  s t u d y ,  h o w e v e r ,  w h i c h  e x -
t e n d s  s e v e r a l  b . y .  b a c k  i n  t i m e ,  t h e  p o l a r  o c e a n s ,  i n d e e d  t h e  e n t i r e  
p l a n e t ,  h a v e  l i t t l e  o r  n o  l a n d  m a s s e s  a n d  i t  i s  n o t  c l e a r  t h a t  t h e  i c e  
l i n e  w o u l d  b e  t h e  s a m e  a s  t h a t  o f  t o d a y .  R a t h e r  t h a n  a r b i t r a r i l y  
d e f i n i n g  a n  i c e  l i n e ,  w e  h a v e  r e l a t e d  t h e  a l b e d o  t o  t e m p e r a t u r e  
b a s e d  o n  o b s e r v a t i o n a l  d a t a  f r o m  t h e  p r e s e n t  d a y  c l i m a t e  f o r  l a n d  
a n d  o c e a n  s e p a r a t e l y .  
T h e  a l b e d o s ,  t a k e n  f r o m  t h e  m e a s u r e m e n t s  o f  S t e p h e n s  e t  a l .  
[ 1 9 8 1 ]  a r e  g i v e n  i n  F i g u r e s  5 a  a n d  5 b .  W e  d e t e r m i n e d  f r o m  t h e i r  
a n n u a l  a l b e d o  m a p  a v e r a g e  a l b e d o s  f o r  e a c h  1 0 °  l a t i t u d e  b e l t  f o r  
l a n d  a n d  o c e a n  s e p a r a t e l y .  T h e  l a t i t u d i n a l  v a r i a t i o n  i s  d u e  t o  m a n y  
f a c t o r s ,  p r i m a r i l y  s o l a r  z e n i t h  a n g l e ,  c l o u d  c o v e r ,  t y p e  o f  s u r f a c e ,  
T A B L E  2 .  
C l e a r  a n d  O v e r c a s t  ( i n  P a r e n t h e s e s )  O u t g o i n g  F l u x e s  ( W  / m
2
)  
f o r  S e l e c t e d  T o t a l  C O
2  
A m o u n t s  ( U n i t s  o f  P A L )  
T e m p e r a t u r e ,  d e g  
2 0 0  
2 2 5  2 5 0  
2 7 5  3 0 0  
1  P A L  8 1 . 8  ( 5 2 . 4 )  1 2 5 . 8  ( 8 3 . 2 )  
1 7 9 . 8  ( 1 2 4 . 1 )  
2 4 2 . 3  ( 1 7 5 . 8 )  
3 0 3 . 3  ( 2 3 7 . 4 )  
6 . 6 7  7 9 . 9  ( 5 1 . 5 )  
1 2 1 . 4  ( 8 1 . 6 )  
1 7 2 . 4  ( 1 2 1 . 1 )  
2 3 2 . 2  ( 1 7 1 . 1 )  
2 9 2 . 0  ( 2 3 0 . 7 )  
3 5 . 1  7 7 . 6  ( 5 0 . 7 )  1 1 6 . 8  ( 8 0 . 0 )  
1 6 4 . 7  ( 1 1 7 . 8 )  
2 2 1 . 2  ( 1 6 6 . 0 )  
2 7 8 . 5  ( 2 2 3 . 5 )  
1 0 0 .  7 5 . 8  ( 5 0 . 0 )  1 1 3 . 8  ( 7 8 . 8 )  
1 5 9 . 4  ( 1 1 5 . 5 )  
2 1 3 . 0  ( 1 6 2 . 5 )  
2 6 7 . 4  ( 2 1 8 . 6 )  
3 3 3 . 3  
7 3 . 7  ( 4 9 . 1 )  
1 1 0 . 1  ( 7 7 . 3 )  
1 5 2 . 5  ( 1 1 3 . 0 )  2 0 1 . 0  ( 1 5 8 . 4 )  
2 5 0 . 7  ( 2 1 1 . 9 )  
6 6 6 . 7  7 2 . 7  ( 4 8 . 6 )  1 0 7 . 7  ( 7 6 . 4 )  
1 4 7 . 5  ( 1 1 1 . 5 )  
1 9 2 . 4  ( 1 5 5 . 6 )  
2 3 9 . 0  ( 2 0 7  . 0 )  
1 0 0 0 .  7 2 . 2  ( 4 8 . 3 )  
1 0 6 . 1  ( 7 5 . 9 )  1 4 4 . 3  ( 1 1 0 . 6 )  
1 8 6 . 8  ( 1 5 3 .  7 )  2 3 1 . 6  ( 2 0 3 . 7 )  
1 3 3 8 .  
7 1 . 8  ( 4 8 . 2 )  
1 0 4 . 9  ( 7 5 . 6 )  1 4 1 . 8  ( 1 0 9 . 8 )  
1 8 2 . 6  ( 1 5 2 . 3 )  2 2 6 . 2  ( 2 0 1 . 1 )  
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Fig. 3. A comparison of calculated outgoing infrared radiation with 
observations by StepMns et al. [1981). 
atmospheric water vapor, and presence of snow or ice. The eff~t 
of temperature on albedo manifests itself primarily through the 
formation of snow and ice and to some extent by water vapor's 
absorption of solar radiation. 
Note that the trends for the northern and southern hemispheres 
are very similar, so that a single function can be used to repre-
sent both hemispheres. However, the variation over land is not 
the same as the variation over water, so use of a single albedo 
averaged over land and ocean would cause error. In equato-
rial and subtropical latitudes, the land albedo is larger than the 
ocean albedo · even though the cloud amount is larger over the 
oceans; this occurs because of ·the low ocean albedo when the sun 
is "high." In the mid-latitudes, the land albedo increases more 
slowly with latitude. Much of the effect is due to the larger ocean 
cloud cover. 
To ascertain the effect of temperature on albedo, we calculated 
the albedo using the formulation of Thompson and Barron [1981], 
which includes solar i.enith angle, ozone and water vapor absorp-
tion, scatiering, ocean albedo including roughness, cloud cover, 
and land albedo. For each latitude, the surface temperatures were 
varied over± 30° at 10° intervals about the mean latitude tem-
perature [Crutcher and Meserve, 1970; Jenne et al., 1969]. As 
long as snow or ice did not form, the effect of temperature on 
albedo over the range considered was very small, being 0.02 or 
less. The calculated albedos are also plotted in Figures Sa and Sb. 
Note that they agree w~ll with the observed data until a latitude 
TlllE BEFORE PRESENT(Billions of years) 
Fig. 4. Variatioo of atmospheric carbon dioxide relative to present day 
over geologic time. The topmost rurve is modified from Kasting (1987), 
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LA'I1TUDE(DEG) 
Fig. Sa. The albedo of the ocean (including clouds) for the north-
ern (solid circles) and southern (open circles) hemispheres as a f1D1cti<11 
of latimde [from Stephens et al., 1981). The albedos calculated flan 
Thompson and Barron [1981) are shown as triangles. The solid line refen 
to the asswned variation of albedo with latimde when snow and ice arc 
not present. The difference between the solid and dashed rurves is lbc 
additional contribution to the albedo when temperature is less than 268 K, 
i.e., when snow and ice are presenL 
of about 65° is reached when snow (land) or ice (ocean) begin to 
form. 
The "ice line" for the ocean appears a few degrees lower than 
that for land, but certainly our analysis cannot justify this small 
difference. It is not clear how the ice line should differ over 
land and water. Wave motion would tend to inhibit ice fonnation, 
but on the other hand, to have ice and snow over iand there 
must ~ adequate precipitation. We take the ice line as 268 K 
corresponding to the annual average temperature at 65° latitude. 
For latitudes (J in our model where the surface temperature is 
high~ than 268°K, the albedo A is independertt of temperature 





9 :5 21° A = o.225 
270 < 9 :5 64° A= o.00739 + o.0312 






















Fig. Sb. The albedo of the land (including clouds) for the northern (solid 
circles) and southern (open circles) hemispheres as a function of latitude 
[from Stephens et al., 1981]. The albedos calculated from Thompson a,id 
Barron [1981) are shown as triangles. The solid line refers to the assumed 
variation of albedo with latitude when snow and ice are not present. ~ 
difference between the solid and dashed curves is the additional contribu-
tion to the albedo when temperature is less than 268 K. i.e., when snow 
and ice are presenL · 
K I D I N  H T  A L . :  E A i m I · s  S U R F A C E  T E M P E R A T U R E  0 v E R .  G E O L O G I C  T I M E  
1 1 , 1 3 3  
L a n d  
( )  ~ 3 0 °  
3 0 °  <  f }  ~ 6 5 °  
( )  >  6 5 °  
A  = 0 . 3 0 0  
A =  o . 0 0 4 2 0 8  +  o . 1 7 2 5  
A =  o . 4 5  
T h e  d i f f e r e n c e  i n  t h e  t w o  c u r v e s  i n  e a c h  o f  t h e  F i g u r e s  5 a  a n d  
5 b  f o r  l a t i t u d e s  g r e a t e r  t h a n  6 5 °  i s  a  m e a s u r e  o f  t h e  e f f e c t  o f  
t e m p e r a t u r e  o n  a l b e d o ,  i . e . ,  w h e n  t h e  c h a n g e  i n  a l b e d o  i s  p l o t t e d  
a g a i n s t  s u r f a c e  t e m p e r a t u r e ,  t h e r e  r e s u l t s  f o r  t e m p e r a t u r e  T  <  
2 6 8 ° K ,  
O c e a n  
A =  3 . 4 9 7  - 0 . 0 1 3 0 4 7 T  
L a n d  
A =  1 . 9 0 6 9  - 0 . 0 0 7 1 1 5 4 T  
s u b j e c t  t o  t h e  c o n d i t i o n  t h a t  t h e  a l b e d o  c a n n o t  e x c e e d  0 . 7 ,  w h i c h  
i s  t h e  a l b e d o  o v e r  t h e  A n t a r c t i c  c o n t i n e n t  a n d  s h o u l d  r e p r e s e n t  a  
r e a s o n a b l e  u p p e r  l i m i t .  P a c k  i c e ,  f o r  e x a m p l e ,  h a s  a n  a l b e d o  i n  
t h e  r a n g e  o f  6 0  t o  7 0 %  [ K o n d r a t '  e v ,  1 9 7 3 ] .  
A  d e f i c i e n c y  i n  o u r  p a r a m e t e r i z a t i o n  i s  o f  c o u r s e  t h a t  w e  h a v e  
n o t  s e p a r a t e d  t h e  a l b e d o  d u e  t o  c l o u d s  f r o m  t h a t  d u e  t o  t h e  s u r -
f a c e .  I m p l i c i t  i n  t h i s  i s  t h a t  a s  t h e  l a n d  a n d  o c e a n  f r a c t i o n  c h a n g e ,  
t h e  c l o u d  c o n t r i b u t i o n  t o  a l b e d o  a t  t h a t  l a t i t u d e  c h a n g e s  o n l y  i n  
p r o p o r t i o n  t o  t h e  c h a n g e  i n  l a n d  o r  o c e a n .  T h i s  p r o b l e m  h a s  n o t  
b e e n  s o l v e d  e v e n  f o r  p e r t u r b a t i o n s  t o  t h e  p r e s e n t - d a y  s y s t e m  a n d  
t h u s  w e  c a n  o n l y  s p e c u l a t e .  T h e  r o t a t i o n  r a t e  h a s  n o t  c h a n g e d  s o  
m u c h  t h a t  t h e  g e n e r a l  c h a r a c t e r i s t i c s  o f  t h e  t r o p o s p h e r i c  c i r c u l a -
t i o n  w o u l d  b e  g r o s s l y  d i f f e r e n t .  O n  t h e  o t h e r  h a n d ,  w e  d o  f i n d  
l a t i t u d i n a l  t e m p e r a t u r e  g r a d i e n t s  t h a t  m a y  h a v e  b e e n  s u b s t a n t i a l l y  
l a r g e r  i n  P r e c a m b r i a n  t i m e s ,  s o  p r e c i p i t a t i o n  p a t t e r n s  c o u l d  h a v e  
b e e n  d i f f e r e n t .  
C o n t i n e n t a l i t y  
T h e  l a n d  a r e a  o f  t h e  E a r t h ' s  s u r f a c e  h a s  i n c r e a s e d  o v e r  g e o l o g i c  
t i . m e .  P r i o r  t o  3  b . y .  a g o  m o s t  o f  t h e  E a r t h  w a s  c o v e r e d  w i t h  
w a t e r .  A s  c r u s t a l  f r a c t i o n a t i o n  a n d  c r a t o n i z a t i o n  p r o c e e d e d ,  t h e  
c o n t i n e n t s  f o r m e d  a s  s m a l l ,  m o b i l e  p l a t e s  t r a n s f o r m e d  i n t o  t h e  
r i g i d  l i t h o s p h e r i c  p l a t e s  o f  t o d a y .  T h e  e v o l u t i o n a r y  h i s t o r y  o f  
d r y  l a n d  t h a t  w e  u s e  i s  s h o w n  i n  F i g u r e  6  a n d  i s  m o d i f i e d  f r o m  
G o o d w i n  [ 1 9 8 1 ] .  ·  
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•  
T l l l E  B E F O R E  P R E S E N T ( B i l l i o ~ s  o f  y e a r s )  
F i g .  6 .  V a r i a t i o n  i n  g r o w t h  o f  c o n t i n e n t a l  m a s s  r e l a t i v e  t o  p r e s e n t  d a y  
o v e r  g e o l o g i c  t i m e .  M o d i f i e d  f r o m  G o o d w i n  ( 1 9 8 1 ) .  
0 . 7  L _  _ _ _ _ _ _  . . _ _ _  _ _ _  . . . . _  _ _ _  _ . . _  _ _ _ _  . . . ,  
0  
2  3  
T I M E  B E F O R E  P R E S E N T ( B i l l i o n s  o f  y e a r s )  
F i g .  7 .  V a r i a t i o n  i n  t h e  s o l a r  c o n s t a n t  o v e r  g e o l o g i c  t i m e .  
S o l a r  L u m i n o s i t y  
4  
M o d e l s  o f  s t e l l a r  e v o l u t i o n  i n d i c a t e  t h a t  t h e  s o l a r  l u m i n o s i t y  
h a s  i n c r e a s e d  [ N e w m a n  a n d  R o o r ' .  1 9 7 7 ]  u n i f o r m l y  o v e r  g e o l o g i c  
t i m e .  A s  h y d r o g e n  i s  c o n v e r t e d  t < J  h e l i u m  i n  t h e  s o l a r  c o r e ,  t h e  
r a t e  o f  n u c l e a r  b u r n i n g  i n c r e a s e s ,  c a u s i n g  t h e  " s o l a r  c o n s t a n t "  t o  
b e  s o m e  2 0 %  t o  3 0 %  h i g h e r  t o d a y  t h a n  i t  w a s  a t  t h e  t i m e  o f  
E a r t h ' s  f o r m a t i o n ,  s o m e  4 . 5  b . y .  a g o .  T h e  t i m e  e v o l u t i o n  o f  s o l a r  
l u m i n o s i t y  i s  s h o w n  i n  F i g u r e  7 ;  t h e  p r e s e n t - d a y  v a l u e  w e  t a k e  a s  
1 3 7 4  W  m -
2
•  
N u m e r i c a l  P r o c e d u r e  
A  m o d i f i c a t i o n  o f  t h e  c o n t r o l  v o l u m e  m e t h o d  w a s  u s e d  t o  
s o l v e  ( 1 )  [ P a t a n k e r ,  1 9 7 5 ] .  G a u s s ' s  t h e o r e m  w a s  a p p l i e d  t o  ( 1 )  
w h i c h  w a s  w r i t t e n  i n  i n t e g r a l  f o r m .  B o u n d a r y  c o n d i t i o n s  a r e  






d T / d x  =  0  f o r  x  =  0 ,  1 .  
T h e  l a t i t u d i n a l  v a r i a t i o n  o f  t e m p e r a t u r e  a n d  t h e  d e r i v a t i v e s  w e r e  
o r i g i n a l l y  e x p a n d e d  i n  L e g e n d r e  f u n c t i o n s .  H o w e v e r ,  t h e r e  w a s  
p o o r  s p e c t r a l  c o n v e r g e n c e  b e y o n d  t h e  f i r s t  t h r e e  t e r m s  i n  t h e  e x -
p a n s i o n  w h e n  t h e  i c e  l i n e  m o v e d  t o  l o w e r  l a t i t u d e s .  T h i s  s a m e  
p r o b l e m  o c c u r s  i n  t h e  o r i g i n a l  N o r t h  [ 1 9 7 5 ]  m o d e l ,  a l t h o u g h  i t  
i s  n o t  g e n e r a l l y  r e a l i z e d  b e c a u s e  o f  t h e  l o w - o r d e r  t r u n c a t i o n  u s e d  
i n  b o t h  t h e  t e m p e r a t u r e  a n d  a l b e d o  e x p a n s i o n .  I t  s h o u l d  b e  n o t e d  
t h a t  s i m p l y  a d d i n g  m o r e  t e r m s  i n  t h e  e x p a n s i o n  o f  t h e  t e m p e r a t u r e  
w i l l  n o t  r e s o l v e  t h i s  p r o b l e m ;  a  f u r t h e r  e x p a n s i o n  o f  t h e  a l b e d o  
m u s t  a l s o  b e  i n c l u d e d .  T h u s  w e  h a v e  e x p r e s s e d  t h e  o n e  d e r i v a t i v e  
i n  f i n i t e  d i f f e r e n c e  f o r m  ( G a u s s ' s  t h e o r e m  e l i m i n a t e s  t h e  o t h e r ) .  
W e  u s e d  1 2 0  . .  v o l u m e s "  e q u a l l y  s p a c e d  i n  x ( =  s i n  f J ) .  
R E s U L T S  A N D  D I S C U S S I O N  
A  c o m p a r i s o n  o f  o u r  c o m p u t e d  p r e s e n t  d a y  s u r f a c e  t e m p e r -
a t u r e s  w i t h  t h e  a c t u a l  a n n u a l  t e m p e r a t u r e  i s  g i v e n  i n  F i g u r e  8 .  
T h e  m o d e l  w a s  t u n e d  b y  a d j u s t i n g  t h e  s o l a r  c o n s t a n t  a n d  t h e  h e a t  
t r a n s p o r t  c o e f f i c i e n t  t o  r e p r o d u c e  o b s e r v e d  g l o b a l  a v e r a g e  t e m p e r -
a t u r e  a n d  t h e  f i r s t  m o m e n t  o f  t e m p e r a t u r e  a g a i n s t  s i n e ( l a t i t u d e  ) .  
T h e  a g r e e m e n t  i s  g o o d  w i t h  t h e  e x c e p t i o n  o f  t h e  A n t a r c t i c  r e g i o n ,  
w h e r e  t h e  m e a n  t e m p e r a t u r e  p r o f i l e  w e  u s e d  t o  g e n e r a t e  t h e  o u t -
g o i n g  r a d i a t i o n  d o e s  n o t  a d e q u a t e l y  r e p r e s e n t  s u c h  a  h i g h - a l t i t u d e  
r e g i o n .  T h u s  w e  a r e  c o n f i d e n t  o u r  r a d i a t i v e  t r a n s f e r  s c h e m e  a d e -
q u a t e l y  d e t e r m i n e s  t h e  o u t g o i n g  r a d i a t i o n .  
A  c o n v e n i e n t  p a r a m e t e r  u s e d  t o  e s t i m a t e  t h e  s e n s i t i v i t y  o f  " t h e  
c l i m a t e "  t o  . v a r i o u s  f e e d b a c k  m e c h a n i s m s  i s  t h e  s e n s i t i v i t y  p a -
r a m e t e r  p  =  Q d T / d Q .  C e s s  [ 1 9 7 6 ]  h a s  e m p l o y e d  a n n u a l  a n d  
s e a s o n a l  c l i m a t o l o g y  a n d  f i n d s  a  v a l u e  o f  p  =  1 4 5 ° C .  N o r t h  e t  a l .  
[ 1 9 8 1 ]  h a s  e s t i m a t e d  t h a t  f o r  t h e  a c t u a l  c l i m a t e  8 0 °  <  P  <  3 4 0 ° .  
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Fig. 8. Calculated present day swface temperature. Measured tempera-
tures are from Crutcher and Meserve [1970] and Jenne et al. [1969]. 
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Fig. 10. Variation in temperature over geologic time that would have 
occurred if atmospheric catbon dioxide varied according to Kastillg [1987] 
(see Figure 4), but the solar constant, rotation rate and land fractioo are 
held constant at today's values. The dashed curves are those from the 
standard model, i.e., Figure 9. Most climate models, be they simple one-dimensional (10) radia-
tive convective models, or general circulation climate models, fall 
in this range. We find for our model {J = 133°c. 
The surface temperature evolution which we shall use to as- We have also included in Figure 9 the mean temperature over 
certain the significance of variations in rotation, carbon dioxide geologic time from Hart's [1978) data. The temperatures aver-
concentrations, solar luminosity, and land coverage is shown in age some 3 to 20 K lower than with Kasting's carbon dioxide 
Figure 9. This we determined from the evolutionary sequences amounts, which are much larger than those of Hart (see Figure 4). 
given in Figures 1, 4, 6, and 7. We obviously cannot say with · . One might expect that the temperature differences would be even 
certainty that this represents the actual evolution of Earth's sur- greater given the differences in carbon dioxide in the two stud-
face temperature over geologic time because of uncertainties in ies, but the carbon dioxide bands are saturating with such large 
the aforementioned variables; we would expect, however, that the amounts as occur in both models early in Earth's history so that 
trends are correct so that as the uncena.inties in these parameters the difference in the greenhouse effect is small. 
are reduced, this study may help modelers prioritize the need for In a previous study, Kuhn and Kasting [1983) used a 10 radia-
complexity in their representations of the variables. tive convective model and Hart's carbon dioxide amounts to com-
In Figure 9 and the following figures, the top and bottom curves pute a temperature history over geologic time; temperatures were 
represent the time sequence of equatorial and polar temperatures, about 290 K, some 3 to 13 K higher than the mean temperature 
while the mean global temperature [sine(latitude) weighted tem- from Hart's carbon dioxide as shown in the present model (Figure 
perature] is the middle curve. The temporal variation is less than 9). The 10 results did not allow for a cloud amount that depends 
about 15 Kand the mean temperature averages about 5 K higher on the land fraction. Since the cloud amount is higher over ocean 
than today over most of geologic time. Our results are consis- than land (see Table 1), and the ocean fraction increases as one 
tent with present-day thinking, but this is to be expected since goes back in geologic time, the albedo will increase, causing a 
carbon dioxide strongly affects the temperature and we have used lower temperature in the present study. Also, there is no ice 
Kasting's [1987) carbon dioxide results which were tuned to be albedo feedback in the 10 model. In the present model, as the 
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TllLE BEFORE PRESENT(Billions of years) 
Fig. 9. Variation of surface temperature over geologic time. The up-
permost and lower curves refer to the equator and pole, respectively; the 
middle curve is the average surface temperature and correspoods to 35° 
latitude. The dashed line refers to the mean temperature if Hart's [1978] 
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Fig. 11. Variation in temperature that would have occurred if the rotatioo 
rate was fixed at the present-day value but solar luminosity, carbon dioxide 
amount, and land mass varied over geologic time as given in Figures 4, 6, 
and 7. The dashed curves are those from the standard model, i.e., Figure 
9. 
K U H N  H T  A L . :  E A K m • s  S U R F A C E  T h M m R A T I J R B  O V E R  G E O L O O I C  T I M E  
1 1 , 1 3 5  
I t  i s  w e l l  k n o w n  t h a t  a s  t h e  c a r b o n  d i o x i d e  a m o u n t  i n c r e a s e s ,  
a l l  e l s e  r e m a i n i n g  t h e  s a m e ,  t h e  t e m p e r a t u r e  i n c r e a s e s  b e c a u s e  
o f  t h e  g r e e n h o u s e  e f f e c t .  T h i s  i s  s h o w n  i n  F i g u r e  1 0  w h e r e  t h e  
m e a n  t e m p e r a t u r e  i s  3 0  K  h i g h e r  4  b . y .  a g o  w h e n  t h e  a s s u m e d  
c a r b o n  d i o x i d e  a m o u n t s  w e r e  2 5 0 0  P A L  ( s e e  F i g u r e  4  ) .  T h e r e  
i s  n o  c h a n g e  i n  t h e  p o l e  t o  e q u a t o r  t e m p e r a t u r e  d i f f e r e n c e ,  s i n c e  
t h e r e  i s  n o  i c e  a l b e d o  f e e d b a c k  b e c a u s e  p o l a r  t e m p e r a t u r e s  a r e  
h i g h  e n o u g h  t o  p r e v e n t  f o r m a t i o n  o f  i c e .  
T h e  c h a n g e  i n  r o t a t i o n  r a t e  a f f e c t s  t h e  p o l e  t o  e q u a t o r  t e m -
p e r a t u r e  d i f f e r e n c e  a s  e a r l y  a s  0 . 5  b . y .  a g o  ( F i g u r e  1 1 ) ;  t h i s  1 3 %  
i n c r e a s e  i n  r o t a t i o n  r a t e  h a s  d e c r e a s e d  t h e  p o l a r  t e m p e r a t u r e  a b o u t  
5  K .  T h e  g r a d i e n t  c o n t i n u e s  t o  i n c r e a s e  a s  w e  g o  b a c k  i n  t i m e ,  a n d  
3 . 5  b . y .  a g o  t h e  p o l a r  t e m p e r a t u r e  i s  1 7  K  l e s s  t h a n  i t  w o u l d  b e  
i f  t h e  r o t a t i o n  r a t e  w e r e  f i x e d  a t  t h e  p r e s e n t  v a l u e .  N o t e  t h a t  t h e  
c h a n g e  i n  t e m p e r a t u r e  a t  t h e  e q u a t o r  i s  l e s s  t h a n  5  K .  T h e  s m a l l  
c h a n g e  i n  e q u a t o r i a l  t e m p e r a t u r e  r e l a t i v e  t o  t h e  l a r g e  d e c r e a s e  
i n  p o l a r  t e m p e r a t u r e  o c c u r s  b e c a u s e  a  s m a l l  c h a n g e  i n  p o l e w a r d  
h e a t  t r a n s p o r t  h a s  a  g r e a t e r  e f f e c t  o n  p o l a r  t e m p e r a t u r e s .  E n e r g y  
i s  d i s t r i b u t e d  o v e r  a  m u c h  s m a l l e r  a r e a  i n  h i g h  r e l a t i v e  t o  l o w  
l a t i t u d e s .  C h a n g i n g  r o t a t i o n  c a u s i : s  1 . J . t t l e  c h a n g e  i n  m e a n  g l o b a l  
t e m p e r a t u r e .  
H u n t  [ 1 9 7 9 ]  h a s  a l s o  e x a m i n e d  w i t h  a  g e n e r a l  c i r c u l a t i o n  m o d e l  
t h e  e f f e c t  o f  E a r t h ' s  r o t a t i o n  o n  t h e  l a t i t u d i n a l  t e m p e r a t u r e  g r a d i -
e n t .  P r e s e n t  a t m o s p h e r i c  c o n d i t i o n s  w e r e  u s e d  s o  t h a t  t h e  c l o u d  
c o v e r ,  s u r f a c e  a l b e d o ,  a n d  c a r b o n  d i o x i d e  a m o u n t  w e r e  n o t  a l -
l o w e d  t o  v a r y .  H e  f i n d s ,  e . g . ,  w i t h  a  1 4 - h o u r  d a y  ( c o r r e s p o n d i n g  
t o  o u r  r o t a t i o n  r a t e  o f  4  b . y .  a g o )  t h a t  t h e  p o l e  t o  e q u a t o r  t e m -
p e r a t u r e  d i f f e r e n c e  i s  a b o u t  5 0  K .  W e  h a v e  r u n  o u r  m o d e l  w i t h  
p r e s e n t - d a y  c o n d i t i o n s  a n d  f i n d  a  d i f f e r e n c e  o f  6 7  K ,  i . e . ,  o u r  p o -
l a r  t e m p e r a t u r e  i s  l o w e r .  T h i s  i s  t o  b e  e x p e c t e d  s i n c e  w e  h a v e  
a n  i c e - a l b e d o  f e e d b a c k .  A t  h i g h e r  r o t a t i o n  r a t e s ,  l e s s  e n e r g y  i s  
t r a n s p o r t e d  p o l e w a r d ,  c a u s i n g  a  l o w e r i n g  o f  p o l a r  t e m p e r a t u r e s  
a n d  a  l a r g e r  a l b e d o ,  w h i c h  f u r t h e r  r e d u c e s  t h e  t e m p e r a t u r e .  
I f  t h e  p r e s e n t  d a y  l a n d  f r a c t i o n  i s  u s e d  t h r o u g h o u t  E a r t h  h i s t o r y ,  
t h e n  t h e  c o m p u t e d  t e m p e r a t u r e s  a r e  l o w e r  b y  2  K  e a r l y  i n  E a r t h ' s  
h i s t o r y .  T h e  l o w e r  t e m p e r a t u r e s  f o r  t h e  l a r g e r  l a n d  a m o u n t  o c -
c u r  b e c a u s e  t h e  l a n d  h a s  a  h i g h e r  a l b e d o  t h a n  d o e s  t h e  o c e a n .  I f  
a t  p r e s e n t  t h e r e  w e r e  n o  l a n d ,  t h e n  o u r  c a l c u l a t i o n s  i n d i c a t e  t h a t  
t h e  m e a n  t e m p e r a t u r e  w o u l d  i n c r e a s e  s o m e  2  K .  T h e  c h a n g e  i n  
l a n d  m a s s  i s  l i k e l y  o f  s e c o n d a r y  i m p o r t a n c e  i n s o f a r  a s  i t s  e f f e c t  
o n  a l b e d o .  H o w e v e r ,  a s  w e  h a v e  s h o w n  p r e v i o u s l y  [ M a r s h a . l l  
e t  a l . ,  1 9 8 8 ] ,  i t s  e f f e c t  o n  c a r b o n  d i o x i d e  w e a t h e r i n g  i s  s i g n i f -
i c a n t ,  a n d  t h e  l a t i t u d i n a l  d i s t r i b u t i o n  o f  l a n d  i s  i m p o r t a n t  T h e  
c a r b o n  d i o x i d e - g r e e n h o u s e  w e a t h e r i n g  f e e d b a c k  s t a b i l i z e s  t h e  c l i -
m a t e  s y s t e m .  M o r e  s t u d y  o f  t h i s  e f f e c t  i s  p r e s e n t l y  u n d e r  w a y .  
O f  t h e  f e a t u r e s  c o n s i d e r e d ,  i . e . ,  s o l a r  l u m i n o s i t y ,  c a r b o n  d i o x -
i d e  a m o u n t ,  r o t a t i o n ,  a n d  l a n d  f r a c t i o n ,  t h e  f i r s t  t w o ,  i n  c o m b i -
n a t i o n ,  a r e  m o s t  i m p o r t a n t  t o  m a i n t a i n i n g  t h e  s u r f  a c e  t e m p e r a t u r e  
t h r o u g h o u t  E a r t h ' s  h i s t o r y .  A n d  w h i l e  t h e  v a r i a t i o n  o f  t h e  s o l a r  
c o n s t a n t  i s  b e t t e r  u n d e r s t o o d  t h a n  t h a t  o f  c h a n g e s  i n  c a r b o n  d i o x -
i d e ,  t h e  u n c e r t a i n t y  i n  s o l a r  c o n s t a n t  m a y  b e  2 0 %  i n  e a r l y  E a r t h  
h i s t o r y .  
L i t t l e  i s  k n o w n  a b o u t  t h e  t i m e  h i s t o r y  o f  a t m o s p h e r i c  c a r b o n  
d i o x i d e  o v e r  g e o l o g i c  t i m e ;  w h i l e  K a s t i n g  [ 1 9 8 7 ]  h a s  d e v e l o p e d  
a  s c e n a r i o ,  h i s  s t u d y  i s  b a s e d  o n  t h e  a m o u n t  o f  c a r b o n  d i o x i d e  
r e q u i r e d  t o  p r o d u c e  t h e  e x p e c t e d  t e m p e r a t u r e .  H e  u s e s  a  l D  r a d i a -
t i v e  c o n v e c t i v e  m o d e l  w h i c h  d o e s  n o t  i n c l u d e  i c e  a l b e d o  f e e d b a c k  
o r  c l o u d  c o v e r  v a r i a t i o n s .  W e  c a n  o n l y  c o n c l u d e  t h a t  K a s t i n g ' s  
[ 1 9 8 7 ]  c a r b o n  d i o x i d e  a m o u n t s  a r e  c o n s i s t e n t  w i t h  c u r r e n t  w i s -
d o m  t h a t  m e a n  t e m p e r a t u r e  h a s  n o t  v a r i e d  b y  m o r e  t h a n  1 0  K  o r  
s o  o v e r  m u c h  o f  g e o l o g i c  t i m e .  
P e r h a p s  t h e  m o s t  i n t e r e s t i n g  c o n c l u s i o n  o f  t h i s  w o r k  i s  t h a t  v a r i -
a t i o n  i n  r o t a t i o n  r a t e  s h o u l d  b e  i n c l u d e d  f o r  P r e c a m b r i a n  s t u d i e s .  
T h e  s h o r t e r  d a y  l e n g t h  i n c r e a s e s  t h e  p o l e  t o  e q u a t o r  t e m p e r a t u r e  
d i f f e r e n c e ,  w h i c h  c o u l d  i n f l u e n c e  t h e  t r o p o s p h e r i c  c i r c u l a t i o n ,  a t -
m o s p h e r i c  l a p s e  r a t e s ,  a n d  c l o u d  c o v e r .  
S i m p l e  o n e - d i m e n s i o n a l  l a t i t u d i n a l  e n e r g y  b a l a n c e  m o d e l s  l i k e l y  
r e p r e s e n t  t h e  m o s t  c o m p l e x  m o d e l  t h a t  c a n  b e  j u s t i f i e d  f o r  e a r l y  
c l i m a t e  s t u d i e s ;  t h e  a p p l i c a t i o n  o f  g l o b a l  c i r c u l a t i o n  m o d e l s  t o  t h i s  
p r o b l e m  a w a i t s  b e t t e r  d a t a  E v e n  i n  o u r  m o d e l .  t h e r e  a r e  o t h e r  
p a r a m e t e r s  t h a t  e v e n t u a l l y  s h o u l d  b e  c o n s i d e r e d .  W e  h a v e  u s e d  a  
l a p s e  r a t e  t h a t  d o e s  v a r y  w i t h  h e i g h t  b u t  h a v e  n o t  a l l o w e d  a  l a t -
i t u d e  d e p e n d e n c e .  A t  p r e s e n t  t h e  t r o p o s p h e r i c  l a p s e  r a t e  c h a n g e s  
f r o m  6  K  k m -
1  
n e a r  t h e  e q u a t o r  t o  l e s s  t h a n  3  K  k m -
1  
a t  t h e  
p o l e  [ S t o n e  a n d  C a r l s o n ,  1 9 7 9 ] .  T h i s  w o u l d  h a v e  t h e  e f f e c t  o f  d e -
c r e a s i n g  t h e  p o l e  t o  e q u a t o r  t e m p e r a t u r e  d i f f e r e n c e .  W e  h a v e  a l s o  
u s e d  a  f i x e d  r e l a t i v e  h u m i d i t y  a s s u m p t i o n ;  t y p i c a l l y ,  t h e  r e l a t i v e  
h u m i d i t y  i n  t h e  p o l a r  a t m o s p h e r e  i s  l o w e r  t h a n  a t  t h e  t r o p i c s  [  e . g . ,  
M a n a b e  a n d  W e t h e r a l d ,  1 9 6 7 ] .  I f  t h i s  a p p l i e d  a l s o  t o  t h e  e a r l y  
E a r t h ,  a n d  t h e r e  i s  n o  a  p r i o r i  r e a s o n  t o  e x p e c t  t h a t  i t  w o u l d ,  t h e n  
t h e  p o l e  t o  e q u a t o r  t e m p e r a t u r e  d i f f e r e n c e  w o u l d  b e  l a r g e r  t h a n  
w e  h a v e  s h o w n .  A n d  f i n a l l y ,  t h e r e  i s  t h e  u b i q u i t o u s  c l o u d  c o v e r ,  
w h i c h  e v e n  t o d a y  i s  n o t  w e l l  p a r a m e t e r i z e d .  B e c a u s e  o f  t h e  l a r g e  
a l b e d o  a s s o c i a t e d  w i t h  c l o u d s ,  t h e y  h a v e  a  m a j o r  e f f e c t  o n  s u r f a c e  
t e m p e r a t u r e .  A n d  w h i l e  w e  h a v e  i n c l u d e d  t h e  l a t i t u d i n a l  d i s t r i b u -
t i o n  o f  c l o u d s  a n d  t h e i r  v a r i a t i o n  o v e r  l a n d  a n d  o c e a n ,  t h e  i n f r a r e d  
f o r m u l a t i o n  u s e s  a  f i x e d  c l o u d  h e i g h t  a n d  p r e s e n t - d a y  a m o u n t .  A  
d e c r e a s e  i n  c l o u d  a m o u n t  a n d / o r  i n c r e a s e  i n  c l o u d  h e i g h t  c a u s e s  
a n  i n c r e a s e  i n  s u r f a c e  t e m p e r a t u r e  a n d  v i c e  v e r s a  
A c k n o w l e d g m e n t s .  T h i s  r e s e a r c h  w a s  s u p p o r t e d  i n  p a r t  b y  t h e  N a -
t i o n a l  S c i e n c e  F o u n d a t i o n  u n d e r  g r a n t  A T M - 8 2 0 9 7 6 0 .  C o m p u t a t i o n s  w e r e  
p e r f o r m e d  a t  t h e  U n i v e r s i t y  o f  M i c h i g a n  C c m p u t i n g  C e n t e r .  
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